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Zeolites are naturally occurring aluminosilicates
which crystallize in a variety of low-density framework
structures built by corner-connected TO, (T = Al or Si)-
tetrahedra.! These subunits connect to form a labyrinth
of windows, pores and channels with molecular dimen-
sions.? It is the restricted access through these win-
dows to the interior that provides the reactant-, transi-
tion state and product-selectivity observed in zeolite
catalysts. This selectivity makes these “nanoreactors”
valuable selective heterogeneous catalysts and ion
exchangers in a number of industrial and environmen-
tal applications. The built-in flexibility of the T-O-T angle
between tetrahedral units allows these structures to
contract and expand in response to thermodynamic
variables such as temperature and pressure, thereby
modifying their chemistry.

Our knowledge of pressure-induced phase trans-
formations of zeolites is very limited compared to the
vast number of temperature-dependent ones studied
over the past several decades.®*s This is partly due to
the experimental complexities as well as the analytical
ambiguities arising from the porous nature of the ma-
terials, since this can lead to compositional changes
upon interaction with various pressure-transmitting flu-
ids where the molecular dimensions allow molecules
to penetrate inside the zeolites.®® Unusual effects such
as negative thermal expansion and cation relocations
in zeolite rho (~3.5 A window to the interior) were found
to be driven by temperature-induced chemical
changes.® Therefore, applying external hydrostatic pres-
sure was also likely to alter the chemical environment
within the pores. Initially, we have found different phase
transitions depending on the type of cations residing
inside the pores of zeolite rho.1° Various interaction
schemes between cations and pressure-transmitting
media have been proposed to drive the observed phase
transitions in rho and other zeolites,*'? but no struc-
tural changes for these pressure-induced chemical
changes have been reported to date.

Zeolite natrolite, which contains 2.5 A pore open-
ings, was studied using synchrotron x-ray powder dif-
fraction as a function of pressure up to 5.0 GPa using a
diamond-anvil cell (DAC) and a 200 mm-focused mono-

2-85

(a)

Figure 1. (a) A polyhedral representation of the chain found
in the NAT framework. The repeat distance of the T,O, build-
ing unit of five Si- (shaded) and Al- (unshaded) tetrahedra
constitutes the c-axis length (c). (b) A simplified skeletal rep-
resentation showing the channel along the c-axis. Vertices
represent Al/Si tetrahedral atoms and oxygen atoms are omit-
ted. The overall chain rotation angle, ¢, is an average value
of ¢, and . An O2 oxygen is shown to visualize a T-O2-T

angle.
(b)
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chromatic synchrotron X-ray beam (~0.7 A).
The natrolite framework is composed of T,O, |
tetrahedral building units that are connected
along the c-axis forming the so-called natro-
lite chains (Figure 1a). The flexible linkages
between and within the chains and their in-
teractions with stuffed cations and waters give
rise to various structural distortions depend-
ing on composition and temperature (Figure
1b). The high-pressure setup at beamline X7A
at the National Synchrotron Light Source
(NSLS) is shown in Figure 2. The powdered
sample of the mineral natrolite (from
Dutoitspan, South Africa, EPMA:
Na, Al Si,, O, [16H,0)** was loaded into a
200 um diameter sample chamber in a pre-
indented Inconel gasket, along with a few
small ruby chips as a pressure gauge. A mix-
ture of 16:3:1 by volume of
methanol:ethanol:water was used as a pres-
sure medium (hydrostatic to above 10 GPa).1*
The pressure in the DAC was measured by
detecting the shiftin the R1 fluorescence line
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Figure 2. High-pressure experimental setup as used at
beamline X7A.
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Figure 3. Changes in the unit cell edge lengths (A) of natrolite as a
function of pressure. Estimated standard deviations are multiplied by
three at each point. The structure model at ambient pressure is from the
work of Baur et al.?°

of the included ruby chips excited using an Ar laser. No
evidence of nonhydrostatic conditions was detected
during our experiments. Typically, the sample was equili-
brated for about 15 min at each pressure, and the dif-
fraction data were collected for 3 ~ 5 h (3 - 35° 260)
using a position-sensitive gas-proportional detector
(built by Graham Smith, BNL instrumentation division)
gating on the Kr-escape peak. The pressure was then
raised by 0.5 ~ 1.0 GPaincrements up to 5 GPa. There
was no evidence of stress-induced peak broadening
or pressure-driven amorphization and after the experi-
ment the recovered sample had its original white color,
with its cell parameters similar to those at ambient con-
ditions (within 30). Bulk moduli were calculated by fit-
ting Murnaghan Equation of States to normalised vol-
umes.

The evolution of the unit cell parameters of natro-
lite is shown as a function of pressure in Figure 3. Be-
tween 0.8 and 1.5 GPa, the pressure-induced incorpo-
ration of water causes the expansion of the unit cell
along the a- and b-axes whereas the c-axis shows an
expected contraction. If one does not use an alcohol/
water mixture as pressure-transmitting fluid but rather
one where the molecules are too big to penetrate into
the zeolites (e.qg. silicone oil) this unit cell expansion is
not observed. The anisotropic nature of the expansion
suggests that the crystal structure responds to the pres-
sure-induced adsorption of additional molecules by ro-
tating the chains (Figure 1) along the c-axis. The re-
sulting expansion of the channels in the (001) plane
then leads to the observed volume increase. The mea-
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Figure 4. Polyhedral representations of natrolite

at (a) 0.40 GPa and (b) 1.51 GPa viewed along [001],

the chain/channel axis. Each representation is repeated on the right without the framework component to
emphasize the channel contents. Note the formation of the hydrogen-bonded water nanochain at 1.51

GPa. Red circles represent water molecules; yell

ow ones sodium cations. Blue (azure) tetrahedra illus-

trate an ordered distribution of Si (Al) atoms in the framework. Straight lines define the unit cell.

sured bulk modulus of the large-volume natrolite (B, =
49(1) GPa) is slightly smaller than that of the normal
natrolite (B, = 53(1) GPa), illustrating increased com-
pressibility for this high-water-content phase.

We investigated the changes of the crystal struc-
ture accompanying the pressure-induced swelling by
performing Rietveld refinements using the GSAS suite
of programs.*® The starting framework model at
each pressure point was constructed from DLS-
minimization,® which was later constrained dur-
ing the refinement process. Difference Fourier
maps were then generated, and sodium and
oxygen atoms were used to model the extra-
framework species (Na cations and water mol-
ecules, respectively). Refinement of the fractional
site occupancies indicated that these atoms fully
occupy the extra-framework sites, which were
later fixed to unity. An overall isotropic displace-
ment parameter was used for the framework at-
oms; another was used for the non-framework
oxygens and cations. The two structural models
for the phases before and after the volume ex-
pansion are shown in Figure 4. As the pressure
increases up to 0.8 GPa, the water molecules

T-O(2)-T angle (°)

sulting in an increase of the coordination number for
the OW1 water from four (2 Na + 2 O) at 0.4 GPa to
five (2 Na + 3 O) at 0.8 GPa. Considering only the ex-
tra-framework species, the water molecules and the
sodium cations bond to form a chain along the c-axis
(Figure 4a). After the volume expansion at 1.5 GPa, an
additional fully occupied water site (OW?2) is adsorbed
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shift away from the center of the T, O, window, Figure 5. Changes in T-O2-T bond angle and overall chain ro-
close to one of the bridging O(2) oxygens, re- tation angle of natrolite as a function of pressure.
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along the channel (Figure 4b) — hence the name
superhydration resulting in a change of the water con-
tent of natrolite from 16 to 32 per unit cell. This new
site has been proposed to be half-filled with water mol-
ecules in paranatrolite (24 H,O per unit cell),'” which
results in to an anomalous increase of the water mobil-
ity in NMR and other spectroscopic measurements.81®
In fact, we observe a peak-splitting in the powder dif-
fraction pattern at 1.25 GPa. Work is in progress to
clarify this. The additional water molecule is coordinated
by one sodium cation and six framework oxygens, form-
ing a distorted capped trigonal prism. The OW1 water
moves back to the center of the T, O,, window in a
distorted tetrahedral environment. In contrast to the
chain of sodium and water in the phase below 0.8 GPa,
superhydration leads to a helical chain of hydrogen-
bonded waters along the c-axis with O-O distances
between 2.80(4) and 3.09(4) A (Figure 4b). The posi-
tion of the sodium cations does not show any appre-
ciable changes during superhydration.

During the volume expansion and superhydration
the changes in the framework geometry can be moni-
tored by following the T-O-T bond angles within and
between the chains (Figure 1). The T-O-T angles within
the chain do not reveal any systematic changes
whereas the bridging T-O2-T angle between the chains
shows small changes before, and a continuous con-
traction after superhydration (Figure 5). Before
superhydration the overall chain rotation angle, Y (Fig-
ure 1b) increases initially up to 25.7° at 0.8 GPa, then
drops to 23.7° during superhydration, and increases
back up at higher pressures (Figure 5). This indicates
that superhydration is tied to the relaxation of the over-
all distortion of the framework by expanding the pore
space in the plane perpendicular to the channel.

Diffraction data on the recovered sample indicate
the reversibility of the system. Pressure-induced hy-
dration (or other chemical changes) in other members
of fibrous zeolites are currently being investigated. The
changes observed in these materials hint that pressure-
induced expansion is a promising way of extending the
ion exchange and sorption capacities, and possibly
selectivities, of open framework structures. This could
lead to potential applications involving “trap-door” ion
exchange. By exchanging cations under pressure the
larger opening permits larger cations (e.g °°Sr) to pen-
etrate into the pores. On subsequent pressure release
they will remain trapped inside the material resulting in
very low leaching rates. We hope that by modifying the
framework composition we will be able to stabilize a
superhydrated zeolite at ambient condition. This could
be used to store, for example, tritium-exchanged wa-
ter. Superhydration is also considered a possible
mechanism for the storage and transport of water into
the Earth’s upper mantle, since the conditions found
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for superhydration to occur resemble part of the cold
oceanic lithosphere during subduction processes.
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